A cellular automaton model has been developed to simulate the austenite nucleation and growth of hypoeutectoid steel during heating process. In the model, the dissolution of pearlite, the transformation of ferrite into austenite and austenite grain coarsening were simulated. To validate the model, dilatometric and quenching experiments were carried out. The dilatometric experiment was conducted using a DIL805A dilatometer, and experimental data was employed to study phase transformation kinetics and validate the model. While the quenching experiment was conducted using a chamber electric furnace, and metallographic examination was carried out. The simulated results were compared with the experimental results and the capability of the model for quantitatively predicting the microstructure evolution of the steel in heating process was assessed.
Introduction
Austenitization is a very important process in heat treatment of steels, because the steels are frequently processed in the austenitic state in some industrial production. [1] [2] [3] Till now, less attention has been paid to the study of austenitization compared with the vast amount of research on austenite decomposition. This is because the properties of steel depend basically on the transformation during the cooling process following austenitization. However, austenitization usually affects the austenite grain size and the concentration homogeneity of the materials, which have a great impact on the kinetics of phase transformation in the subsequent cooling process and the mechanical properties of steel. Therefore, it is of great significance to study the kinetics and microstructure evolution during the austenitization process of steels. 4) The typical microstructure of a medium-carbon steel consists of pearlite and ferrite. Austenitization in hypoeutectoid steels occurs in two steps: (a) P→γ, and (b) α →γ, where P is pearlite, γ is austenite, and α is ferrite. Nucleation of austenite grains in pearlite region takes place just above the eutectoid temperature and the transformation of pearlite into austenite is very fast since the diffusion distance for solute atoms are relatively small. The transformation of ferrite into austenite occurs at a higher temperature and is completed above the (γ +α )/γ line in the phase diagram. 4) After the full austenite microstructure is formed, austenite grain coarsening occurs and it becomes more visible with increasing temperature. The mechanism and the kinetics of the austenitization process mentioned above have been widely discussed in literatures. [1] [2] [3] [4] [5] [6] Numerical simulation has become a powerful tool for simulating the microstructure evolution. In recent years, some computer models have been developed to simulate the microstructure evolution during austenitization process. Caballero et al. 3, 6, 7) used the Avrami equation to quantitatively model transformations during continuous heating in eutectoid and hypoeutectoid steels. It is a type of analytical model by which the variation of phase fractions can be predicted. While in many cases not only the phase fraction but the phase morphology is also necessarily to be predicted. Jacot and Rappaz 5) simulated the nucleation and growth process of austenite grain in a hypoeutectoid steel using Monte Carlo model, and Yang et al.
2) used a cellular automaton (CA) model to simulate the austenitization of hypoeutectoid steel. In their models, the dissolution of pearlite and the transformation of ferrite into austenite were simulated. While the influence of the pearlite morphology on the nucleation and growth of austenite grains was ignored. A variety of grain growth models were developed during past decades to study the grain size and the distribution of grain size during grain coarsening. [8] [9] [10] [11] [12] [13] However, initial state of microstructure was set by using experimental data or sometimes invoking assumptions. Moreover, in most of the reported models, the transformation of ferrite into austenite was only assumed to be governed by the diffusion of carbon. In fact, many alloying elements have a great influence on the austenitization, especially the transformation of ferrite into austenite. [14] [15] [16] [17] [18] To date, there was little report about a model which is able to simulate the dissolution of pearlite, the transformation of ferrite into austenite, and austenite grain coarsening, and simultaneously to consider the diffusion of multicomponent and the effect of the initial as-cast microstructure on austenitization. Further, it is necessary to make more efforts to validate the microstructure simulation models.
In this paper, a CA model has been developed to simulate the microstructure evolution of hypoeutectoid steel during heating process. This model will be integrated with a model developed to predict the as-cast microstructure, including the grain size and area fraction of α phase as well as the mean interlamellar spacing of pearlite. 18) In the present model, the thermodynamics and solute diffusion of the multicomponent system were taken into account by using Thermo-Calc 19) and Dictra 20) software. The dissolution of pearlite, the transformation of ferrite into austenite and the austenite grain coarsening were simulated by using the developed model. To validate the model, dilatometric and quenching experiments were carried out. The simulated results were compared with the experimental results and the capability of the model for quantitatively predicting the microstructure evolution of the steel in heating process was assessed.
Mathematical Model

Nucleation
A continuous nucleation model 3, 4, 6, 7) was employed to calculate the nucleus density of austenite grain in the pearlite region:
where ΔT is the value of overheating, nγ (ΔT) is the nucleus density, fN is the factor representing the influence of pearlite structure on the nucleation, QN is the activation energy of nucleation, and k is Boltzmann's constant.
Growth Model
The dissolution of pearlite and the transformation of ferrite into austenite were considered here. Austenite grains grow into the pearlite region at a velocity v γ /P : 3, 4, 6, 7) .................... (2) where fG is the factor representing the influence of pearlite structure on the growth rate, and QG is the activation energy of growth.
A mixed-mode model 4, 17, 18, 21) (5) where is the pre-exponential factor, E γ /α is the activation energy for atom motion at the interface, and R is the gas constant.
Austenite 
Grain Coarsening
Grain coarsening is resulted from the competitive growth of grains with the same phase. Boundary morphology is determined by how grain boundaries join together. According to Burke and Turnbull's theory, the velocity of a grain boundary segment can be expressed by: (7) where M γ /γ is the boundary mobility between austenite grains and can be expressed by:
where is the pre-exponential factor, and E γ/γ is the activation energy for grain boundary migration.
The driving force for grain boundary migration, P, can be calculated by: (9) where E is the austenite grain boundary energy and can be calculated by the Read-Shockley equation: 4, 8, 23) ................. (10) where Em=0.79 J·m (11) where S is crystallographic orientation number, Q is the maximum of the crystallographic orientation number, 1≤S≤Q, and Sj and Si are the crystallographic orientation numbers of grains j and i, respectively. When the grain boundary becomes a high angle boundary, θ >15°, E remains independent on the misorientation angle and E=Em.
κ is the austenite grain boundary curvature and can be calculated by using the model described in reference: 8, 23) .
where A=1.28 is a coefficient, Δh is the size of a square CA cell, N is the number of the first and second nearest neighbors for the cell, Ni is the number of cells within the neighborhood belonging to grain i, and Kink is the number of cells within the neighborhood belonging to grain i for a flat interface.
Cellular Automaton Algorithm
Cellular automaton method was used in the simulation.
4)
A two-dimensional computational domain was discretized into square cells. Each cell has the following variables, (1) grain identifying variable, (2) cell status, which is one of P, α, γ , and γ /α interface, (3) concentration, and (4) interface migration distance. In the simulation, the effect of carbon and manganese were considered and their concentrations were obtained by solving diffusion equations. The interface migration distance was calculated based on the growth kinetics and was used in cell capturing in the CA model. In our previous work, 4, 18) the microstructure evolution of ASTM A216 WCA cast steel during solidification and consequent cooling process was simulated using a CA model.
In the simulation, the peritectic solidification, α phase precipitation, and eutectoid transformation were simulated, and the grain size and area fraction of α phase as well as the mean interlamellar spacing of pearlite were obtained. To validate the model, a sand mold step-shaped casting was produced and metallographic examination was carried out. It was shown that the simulated results were in good agreement with the experimental results. Therefore, the simulated as-cast microstructure was used as the initial conditions for simulation of the austenitization.
At the beginning of the simulation, each cell is set as P or α with the same initial temperature Tini and the equilibrium concentration at eutectoid temperature. When T>A1, the nucleus density in pearlite zone can be calculated by Eq. (1), and the total number of austenite grains in the calculation domain can be obtained:
................. (13) where cell (i, j) represents the pearlite cell, and Scell is the area of a cell. It was assumed that the nucleation probability was the same for every cell in the pearlite region, and the nucle- (14) where Δt is the time step, and Rt-Δt is the radius at the previous step.
Another process is the transformation of ferrite to austenite (as seen in Fig. 1 
Materials and Experimental Procedures
To validate the model, dilatometric and quenching experiments were carried out to study the microstructure evolution during heating process. The variation of fractions of different phases results in volumetric change of the samples, so the dilatometry results can be used to validate the model and phase transformation kinetics. In the quenching process, the austenite transforms to martensite. The fraction of the austenite can be derived by measuring the fraction of the martensite in the quenched samples. Meanwhile, the microstructure of the samples was examined to determine average austenite grain size and the distribution of austenite grain size.
The steel studied was ASTM A216 WCA steel with the chemical composition listed in Table 1 . The dilatometric experiment was conducted using a DIL805A dilatometer with cylindrical samples (4 mm diameter and 10 mm long). The temperature of the sample was measured using thermocouples welded on the sample surface. The dilatometric curve for the heating rate of 80°C/h to 900°C is illustrated in Fig. 2 . It can be seen that the heating process represented by the dilatometric curve of length change, , can be divided in three stages. In the first stage, the dilatometric curve exhibits a linear expansion with temperature change. This is a pure thermal expansion of the steel sample without phase change. In the second stage, the slope of the dilatometric curve reduced due to the volume change caused by the dissolution of pearlite and the transformation of ferrite into austenite. This was a result of the competition between the thermal expansion and the volume change induced by austenitization. In the third stage, the sample was fully austenitized, and the curve exhibits again a linear expansion feature reflecting the thermal expansion of the austenite. In the quenching experiments, steel samples were heated at a rate of 80°C/h to different temperatures (680, 730, 750, 810, 860 and 900°C) and soaked for different time (0, 1, 2, 5, 10 and 20 h) at 900°C using a chamber electric furnace, then they were dropped into a water tank immediately. The microstructure of the samples was examined to determine the fraction of different phases, average austenite grain size and the distribution of austenite grain size. The microstructure was characterized by using optical microscopy and different etchants. LePera's etchant was employed to identify the martensite transformed from pearlite, and 4% nital was used to distinct ferrite and martensite, and saturated aqueous picric acid was adopted to exhibit the grain boundaries of the prior austenite. The austenite grains were observed by using a Zeiss Axio Imager A1 microscope, and more than 6 visual fields were selected in every sample. The grain size of austenite was measured by using the linear intercept method (ASTM E112), and more than 300 grains were counted in every sample to ensure the measurement accuracy.
Simulation Results and Discussion
The initial microstructure of the samples consists of pearlite (mean interlamellar spacing is 0.63 μ m) and ferrite (area fraction is 0.592 and mean grain size is 141 μ m). The computational domain was divided into 150×100 rectangular cells. The cell size is 5×5 μ m. For simulation the boundary was adiabatic so heat flux and atom flux are zero on the boundary. The temperature is uniform throughout the domain with initial temperature Tini=650°C. The parameters used in the simulation are shown in Table 2 .
The simulated microstructure evolution during heating process at the rate of 80°C/h is shown in Figs. 3(a)-3(e) . Figures 3(a)-3(c) show the transformation of pearlite into austenite, where the black area represents pearlite and the red area represents ferrite. The other color areas represent γ phase, and different colors represent γ grains with different crystallographic orientations. Figures 3(d) and 3(e) show the transformation of ferrite into austenite. The corresponding carbon and manganese concentration distribution during the transformation from ferrite to austenite is shown in Figs. 4 and 5, respectively. It can be seen that the carbon and manganese concentration in austenite formed in earlier stage is at a high level. However, the carbon and manganese concentration of newly formed austenite in original ferrite region is still at a relatively low level, so a remarkable solute concentration gradient in austenite develops, which results in the diffusion of carbon and manganese from austenite phase interior to the γ /α interface. In the model, the driving force changes with the change of carbon and manganese concentration in austenite at the interface, and the migration velocity of γ /α interface will change according to Eq. (3).
Therefore the interaction between interface mobility and solute diffusion determines the solute concentration in austenite at the interface and controls the migration of γ /α interface. Figures 6(a)-6(e) show the metallographic photos of the sample quenched at 680°C, 730°C, 750°C, 810°C, and 860°C, respectively. The microstructure in Fig. 6(a) consists of ferrite and pearlite. The microstructure in Fig. 6(b) consists of ferrite, residual pearlite, and martensite. The microstructure in Figs. 6(c) and 6(d) consist of residual ferrite and martensite. The microstructure in Fig. 6(e) is martensite. All the martensite was austenite before quenching. Figure 6 (e) exhibits the grain boundaries of the prior austenite.
Comparison between the calculated fractions of different phases during heating with experimental data is shown in Fig. 7 . As might be expected, formation of austenite from the pearlite occurs at a higher rate than the formation of austenite from ferrite. The pearlite dissolution is very fast and the transformation of ferrite into austenite is slower and is almost completed at 850°C. It can be seen that the simulated results are in good agreement with the experimental data.
Assuming that the sample expands isotropically, for small volume changes, the change of the sample length ΔL referred to the initial length L0 at room temperature is related to the volume change ΔV and the initial volume V0 at room temperature for small changes as follows: (18) where Vα 0 and Vθ 0 are the initial fractions of ferrite and cementite at room temperature, respectively. Vα, Vθ and Vγ are the fractions of ferrite, cementite and austenite at any transformation temperature, which were calculated using the model described above. Fractions of ferrite and of cementite in pearlite are considered to be 0.88 and 0.12, respectively. a α 0 is the lattice parameter of ferrite at room temperature, given by 2.866Å. a θ 0 , b θ 0 and c θ 0 are the lattice parameters of cementite at room temperature, given by 4.5246, 5.0885 and 6.7423Å, respectively. a γ 0 is the lattice parameter of austenite at room temperature:
...... (19) where the chemical composition is measured in wt% and a γ 0 is in Å. a α , a θ , b θ , c θ and a γ are the lattice parameters of ferrite, cementite and austenite at any transformation temperature, which can be calculated as follows: (21) where T is the temperature in K. The parameters used mentioned above can be obtained from reported literatures. 3, 6, 7) The dilatometric curve calculated for samples together with the corresponding experimental curve are shown in Fig. 8 . In general, the simulated relative change in length is consistent with the experimental result. It also can be used to validate the microstructure simulation models. After the full austenite microstructure is formed, grain coarsening is evident. Figure 9 displays simulated and experimental microstructural evolution during the grain growth. From Fig. 9 , it can be seen that grains grow gradually with the increase of soaking time. Figure 10 indicates the distribution of austenite grain size at the temperature of 900°C with different soaking time. As seen from Fig. 10 , the distribution of austenite grain size is close to lognormal distribution. The austenite grain size shown in Fig. 10 
Conclusion
A cellular automaton model has been developed to simulate the austenitization process of ASTM A216 WCA steel during heating process. The dissolution of pearlite was described by continuous nucleation and growth of austenite grains. A mixed-mode model for multicomponent system was employed to calculate the growth velocity of the γ /α interface. The austenite grain coarsening induced by γ /γ grain boundary migration was considered and the migration velocity of the grain boundaries was calculated based on Burke and Turnbull's theory. To validate the model, dilatometric and quenching experiments were carried out, and the microstructure of the quenched samples was examined and compared with the simulation results. It was shown that the simulated results, including the fraction of the austenite, average austenite grain size and the distribution of austenite grain size, are in good agreement with the experimental results. 
